Abstract Petroleum based fuels worldwide have not only resulted in the rapid depletion of conventional energy sources, but have also caused severe air pollution. The search for an alternate fuel has led to many findings due to which a wide variety of alternative fuels are available at our disposal now. The existing studies have revealed the use of vegetable oils for engines as an alternative for diesel fuel. However, there is a limitation in using straight vegetable oils in diesel engines due to their high viscosity and low volatility. In the present work, neat mango seed oil is converted into their respective methyl ester through transesterification process. Experiments are conducted using various blends of methyl ester of mango seed oil with diesel in a single cylinder, four stroke vertical and air cooled Kirloskar diesel engine. The experimental results of this study showed that the MEMSO biodiesel has similar characteristics to those of diesel. The brake thermal efficiency, unburned hydrocarbon and smoke density are observed to be lower in case of MEMSO biodiesel blends than diesel. The CO emission for B25, B50 and B75 is observed to be lower than diesel at full load, whereas for B100 it is higher at all loads. On the other hand, BSFC and NO x of MEMSO biodiesel blends are found to be higher than diesel. It is found that the combustion characteristics of all blends of methyl ester of mango seed oil showed similar trends with those of the baseline diesel. From this study, it is concluded that optimized blend is B25 and could be used as a viable alternative fuel in a single cylinder direct injection diesel engine without any modifications. 
Introduction
India is importing crude petroleum and petroleum products from Gulf countries. Indian scientists searched for an alternate to diesel fuel to preserve the global environment and to withstand the economic crisis. As far as India is concerned because of its vast agro forestry base, fuels of bio origin can be considered to be ideal alternative renewable fuels to run the internal combustion engines. Vegetable oils from plants both edible and non-edible and methyl esters (Biodiesel) are used as an alternate source for diesel fuel. Biodiesel was found to be the best alternate fuel, technically, environmentally acceptable, economically competitive and easily available. There are more than 350 oil bearing crops that have been identified, among which only sunflower, soyabean, cottonseed, mango seed, rapeseed and peanut oils are considered as potential alternative fuels for diesel engines. Apart from the renewability, the advantages of biofuel are as follows: High oxygen content, higher flash point and higher lubricity that produce complete combustion in comparison with conventional diesel fuel [1] . Further, the environmental benefit is another investigation factor due to lesser greenhouse effect, less air pollution, less contamination of water, soil and reduced health risk [2] . Traditional oilseed feedstock for biodiesel production predominantly includes soyabean, rapeseed/canola, palm, corn, sunflower, cottonseed, peanut and coconut oil [3] . The long chain hydrocarbon structure, vegetable oils have good ignition characteristics, however they cause serious problems such as carbon deposits buildup, poor durability, high density, high viscosity, lower calorific value, more molecular weight and poor combustion. These problems lead to poor thermal efficiency, while using vegetable oil in the engine. These problems can be rectified by different methods that are used to reduce the viscosity of vegetable oils. The methods are transesterification, dilution and cracking method [4] . The transesterification of vegetable oil gives better performance when compared to straight vegetable oil [5] . Many researches are focused on non-edible oils which are not suitable for human consumption due to the presence of toxic components present in the oil. Moreover, the non-edible oil crops grow in wastelands which are not suitable to use as food [6, 7] . The increase in brake thermal efficiency and lower in specific fuel consumption were observed in a diesel engine fueled with Calophyllum Inophyllum (punnai) biodiesel and additives [8] . The diesel engine performance parameters were higher and lower in emissions while operating with B20 blend biodiesel [9] . Rakopoulos et al. [10] studied the use of four straight vegetable oils such as sunflower, cotton seed, olive and corn oils on mini-bus engine and reported that olive oil has very high content of the unsaturated oleic acid (one double carbon bond) and very low content of the unsaturated linoleic acid (two double carbon bonds), in contrast to the other three vegetable linoleic acids. Further, the cotton seed oil has the highest content of palmitic acid (saturated). These may play some role in the soot formation and oxidation mechanism. Saravanan et al. [11] reported that pure Mahua oil methyl ester (B100) gives the lower emissions as compared with neat diesel (B0) in a DI diesel engine. The performance of diesel engine with rice bran oil methyl ester and its diesel blends resulted in increase of CO, HC and soot emissions and slight increase of NOx with increase in blends compared to diesel. Also the ignition delay and peak heat release rate for RBME were lower for biodiesel and it was increased with increase in RBME blends [12] . Rajan and Kumar [13] have investigated the performance of a diesel engine with internal jet piston using biodiesel and observed increase in brake thermal efficiency and decrease in CO and smoke emissions at full load, whereas NO x emission is increased at full load compared to diesel fuel. Godiganur et al. [14] investigated the use of Mahua oil methyl ester and its diesel blends as an alternative fuel in a heavy duty diesel engine and observed that B20 blend gives better performance and lower emissions. The methyl ester of Thevetia peruviana seed oil (METPSO) results in lower emission of CO, HC and higher NO x as compared to that of diesel [15] . The cylinder peak Pressure of soyabean biodiesel is close to that of diesel and also the peak rate of pressure rise and peak heat release rate during premixed combustion are lower for biodiesel [16] .
Implementation of biodiesel in India will lead to many advantages such as green cover to wasteland, support to agriculture, rural economy, reduction in dependence on imported crude oil and reduction in air pollution [17] . Currently, India is spending about Rs. 80,000 million per year for importing 70% of petroleum fuels and produces only 30% of the total fuel requirements. It is estimated that mixing of 5% of biodiesel fuel to the present diesel fuel can save Rs. 40,000 million per year. The objective of the present study is the preparation of biodiesel from mango seed oil; the performance, emission and combustion characteristics of a diesel engine using biodiesel and its various blends are analyzed and compared with neat diesel.
Biodiesel production and characterization

Biodiesel production
The production of biodiesel from mango seed oil is done by transesterification process. It is the process of reacting the mango seed oil with methanol in the presence of catalyst (KOH). During the process, the molecule of mango seed oil is chemically broken to form methyl ester of mango seed oil (biodiesel). The biodiesel is filtered to separate from glycerol. A maximum of 850 ml methyl ester of mango seed oil production is observed for 1 l of raw mango seed oil, 250 ml of methanol and 12 gm of potassium hydroxide at 60°C.
Biodiesel properties
A series of tests are conducted to characterize the properties and fatty acid composition of the produced biodiesel. The properties and compositions of biodiesel and its blends with diesel fuel are shown in Tables 1 and 2 respectively.
It is shown that the viscosity of biodiesel is evidently higher than that of diesel fuel. The density of the biodiesel is approximately 8% higher than that of diesel fuel. The gross calorific value is approximately 8.5% lower than that of diesel. Therefore, it is necessary to increase the fuel amount to be injected into the combustion chamber to produce the same amount of power. Fuels with flash point 52°C are regarded as safe. Thus, biodiesel is an extremely safe fuel to handle when compared to diesel. B25 has a flash point much above than that of diesel, making biodiesel a preferable choice as far as safety is concerned.
The fatty acid composition of the oils seems to have an important role in the performance of the biodiesel in diesel engines [18] . The higher level of unsaturated fatty acid reduces fuel quality, because of its easy oxidation [19] . The saturated [20] . Gopinath et al. [21] reported that biodiesel with more percentage of unsaturated fatty acids emits lower HC, CO and smoke, higher NO x than those of saturated biodiesel. The biodiesel with more unsaturated fatty acid has lower cetane number and heating value respectively. From Table 2 , it is observed that MEMSO (B100) contains optimum of 69.44% of unsaturated fatty acids, which implies that it can be used as fuel in a diesel engine.
Experiment
Equipment and method
The engine Kirloskar TAF 1 was used in the experiment and its specification is shown in Table 3 . The layout of the experimental setup is shown in Fig. 1. An eddy current dynamometer was connected with the engine and used to measure engine power. An exhaust gas analyser MRU DELTA 1600-L was employed to measure NO x , HC, CO, O 2 and CO 2 emission on line. To ensure the measured values were high, the gas analyser was calibrated before each measurement using reference gases. The AVL smoke meter was used to measure the smoke density. The smoke meter was also allowed to adjust its zero point before each measurement. The AVL combustion analyser was used to measure the combustion characteristics of the engine.
Engine test procedure
The experiments were carried out by using diesel as the baseline fuel (B0), 25% biodiesel + 75% diesel (B25), 50%
biodiesel + 50% diesel (B50), 75% biodiesel + 25% diesel (B75) and 100% neat biodiesel (B100) at different loads from 0% to 100% of rated engine load in steps of 25%. Before running the engine to a new fuel, it was allowed to run for sufficient time to consume the remaining fuel of the previous experiment.
To evaluate the performance parameters, the important operating parameters such as engine speed, power output, fuel consumption, exhaust emissions and cylinder pressure were measured. Significant engine performance parameters such as brake specific fuel consumption (BSFC) and brake thermal efficiency (BTE) for biodiesel and its blends were calculated.
Results and discussions
Performance characteristics
Significant engine performance parameters such as BTE and BSFC are evaluated for MEMSO and diesel. The BSFC is an ideal parameter for comparing the engine performance of fuels having different calorific values and specific gravities. BSFC is the ratio between the mass flow rate of the tested fuel and effective power. Fig. 2 shows the BSFC variation of the biodiesel and its blends with respect to brake power of the engine. The BSFC of the engine with neat MEMSO (B100) is higher when compared to B25, B50, B75 and diesel at all loads. The lowest BSFC's are 0.29, 0.3, 0.31, 0.33 and 0.34 kg/kW h for B0, B25, B50, B75 and B100 respectively. This may be due to lower heating value, higher viscosity and density of MEMSO. The primary reason is, increase in BSFC with increase in fuel blends is the additional consumption of biodiesel fuel by the test engine in order to maintain constant power output [22] .
Brake thermal efficiency (BTE) is the ratio between the power output and the energy introduced through fuel injection, the latter being the product of the injected fuel mass flow rate and the lower heating value. The brake thermal efficiency plots in Fig. 3 show an increase in brake thermal efficiency with an increase in the engine load as the amount of diesel in the blend increases. Even a small quantity of diesel in the Figure 1 Layout of experimental setup. blend improves the performance of the engine. The brake thermal efficiency of the B25 blend is better than other blends, which is very closer to diesel. This is due to reduction in viscosity which leads to improved atomization, vaporization and combustion. Due to a faster burning of biodiesel in the blend (B25), the thermal efficiency improved. The value is 28.13% as against 28.56% for diesel at 100% load. The highest BTE ' s are 28.56%, 28.13%, 27.6%, 27.44% and 26.82% for B0, B25, B50, B75 and B100 respectively.
The variation of exhaust gas temperature with brake power for diesel, MEMSO and its blends are shown in Fig. 4 . Exhaust gas temperature decreases with the increase in percentage of MEMSO in the blend. But it is observed that the exhaust temperature of B25 is nearer to diesel. Since the viscosity of B25 is closer to that of diesel, it improves the combustion process compared to B100 and other blends. Also, the compounds with higher molecular weight present in the MEMSO burn at a later stage of combustion, increasing the combustion temperature and exhaust temperature. However, for the other blends and B100 the temperature is low. Even though the combustion duration of these fuels is also more than that of diesel, their higher viscosity results in poor combustion. Fig. 5 shows the variations of CO emission with respect to brake power of the engine. The air-fuel mixing process is affected by the difficulty in atomization of biodiesel due to its higher viscosity. Also, the resulting locally rich mixtures of biodiesel cause more CO to be produced during combustion. However, biodiesel that contains more number of oxygen atoms leads to more complete combustion. At low and middle engine loads, the percentage of CO emissions of biodiesel and its blends is higher compared to diesel. This may be due to relatively poor atomization and lower volatility of biodiesel. As a result, some of the fuel droplets may not get burned. When these unburned droplets mix with the hot combustion gases, oxidation reactions occur, but do not have enough time to undergo complete combustion. At full load, the percentage of CO emission of diesel is 0.1 but the percentage of CO emission of B25, B50, B75 and B100 is 0.07, 0.08, 0.09 and 0.12 respectively. It vividly indicates that the combustion efficiency improves with the blend of MEMSO with diesel and reduction in CO emission when compared to neat diesel except B100. It may be due to incomplete and smaller premixed combustion for B100 compared to other blends. Moreover, higher fuel quantity at higher loads also causes higher CO emission. Since the increase in the quantity of diesel in the blend improves the performance from the emission point of view, the blend ratio is decided based on the amount of diesel to be replaced or the level of emission that can be tolerated.
Emission characteristics
The variation of HC emission with brake power is shown in Fig. 6 . The emission of HC decreases as the diesel is substituted by biodiesel. Cetane number of biodiesel is higher than diesel, and due to this it exhibits shorter delay period, which contributes to better combustion of fuel resulting in low emission of HC. Another reason can be the oxygen molecules present in the structure of biodiesel, which helps complete combustion of the fuel and hence decreases HC emission [23] . At full load, Figure 4 Variation of exhaust gas temperature with brake power. The variation of NO x with brake power for diesel, biodiesel and its blends is shown in Fig. 7 . Three factors that affect the formation of NO x in the cylinder are oxygen content, combustion flame temperature and reaction time. NO x emissions of biodiesel and its blends are slightly higher than those of diesel fuel. The higher temperature of combustion and the presence of oxygen with biodiesel cause higher NO x emissions, especially at high engine loads. NO x emissions were found to increase due to the presence of extra oxygen in the molecules of biodiesel blends [24] .
However, the biodiesel with higher cetane number had comparable NO x emissions with the diesel fuel. A higher cetane number would result in a shortened ignition delay period, thereby allowing less time for the air-fuel mixing before the pre-mixed combustion phase. Consequently, a weaker mixture would be generated and burnt during the premixed combustion phase resulting in relatively reduced NO x formation. The lowest NO x emissions are 782, 828, 872, 927 and 970 ppm for B0, B25, B50, B75 and B100 respectively. From the figure, it is clear that at full load, NO x emission for B100 was 24% higher than that of diesel whereas for B25, the NO x emission was 5.88% higher. NO x emission is the most harmful gaseous emissions from the engines; the reduction of it is always the target of engine researchers and engine manufacturers. Reduction of NO x with biodiesel may be possible with the proper adjustment of injection timing and by introducing exhaust gas recirculation (EGR) or selective catalytic reduction technology (SCR). Fig. 8 shows the variation of smoke density with brake power for diesel, biodiesel and its blends.
There is a significant reduction in smoke emission of 43.85% for B100 at full load compared to diesel because of its oxygenated nature. But at low and middle engine loads the smoke density is higher than diesel. This is due to the high viscosity of biodiesel, which results in poor atomization and locally rich mixtures at part load operations. But at high engine loads, smoke density of biodiesel and its blends is lower than diesel fuel. Smoke is mainly produced in the diffusive combustion phase; the oxygenated fuel blends lead to an improvement in diffusive combustion for biodiesel and its blends. The highest smoke emissions are 43.1, 36.8, 31.2, 26.4 and 24.2 HSU for B0, B25, B50, B75 and B100 respectively. Reduction in smoke emission of about 14.6% is recorded at full load for the B25 blend. Another reason of smoke reduction, when using biodiesel is due to the lower C/H ratio and the absence of aromatic compounds as compared to diesel. The carbon content in biodiesel is lower than diesel fuel. The more carbon a fuel molecule contains, the more likely is to produce soot. Conversely, oxygen within a fuel decreases the tendency of a fuel to produce soot [25] . The smoke emission obtained in this study follows the trend as reported by Nantha Gopal et al. [26] . Fig. 9 shows the variation of cylinder pressure with crank angle for diesel, biodiesel and its blends at 1500 rpm and full load conditions. Performance, emission and combustion characteristics of a diesel enginePeak pressure mainly depends upon the combustion rate in the initial stages, which is influenced by the fuel taking part in uncontrolled heat release phase. The combustion process of test fuel is similar, consisting of a phase of premixed combustion followed by a phase of diffusion combustion. Premixed combustion phase is controlled by the ignition delay period and spray envelope of the injected fuel [27] . Therefore, the viscosity and volatility of the fuel have a very important role to increase atomization rate and to improve air-fuel mixing formation. The cylinder peak pressure because of the high viscosity and low volatility of biodiesel and its blends is slightly lower than that of diesel fuel. It is observed that the peak pressures of 70.872, 70.553, 69.914, 69.712 and 68.982 bar were recorded for B0, B25, B50, B75 and B100 respectively. However, the cylinder peak pressure of B25 is close to diesel due to the improvement in the preparation of air-fuel mixture as a result of low fuel viscosity [28, 29] .
Combustion characteristics
The variation of heat release rate with crank angle at full load for diesel, biodiesel and its blends is shown in Fig. 10 .
It is observed from the results that the heat release rate for biodiesel and its blends is lower compared to diesel fuel. This may be due to lower calorific value of biodiesel and its blends. However B25 gives more heat release rate than other blends. On the other hand, peak heat release rate for B100 is low compared to B25 and this may be due to lower volatility and higher viscosity of B100 [30] . The maximum heat release rate of diesel fuel, B25, B50, B75 and B100 is 115.63, 112.12, 109.26, 99.24 and 90.35 kJ/m 3 deg respectively. The heat release rate obtained in this study follows the trend as reported by Savariraj et al. [31] . A Closer analysis of the heat release rate at higher engine load showed proper utilization of B25 inside the combustion chamber of the engine.
Conclusion
In the present investigation, the performance, emission and combustion characteristics of a direct injection, compression ignition engine fueled with methyl ester of mango seed oil and its blends have been analyzed and compared with diesel fuel. The biodiesel is produced from raw mango seed oil by a method of transesterification. The tests for properties of biodiesel demonstrate that almost all the important properties of biodiesel are in close agreement with the diesel fuel. Thus the diesel engine can perform satisfactorily on methyl ester of mango seed oil and its blends with diesel fuel. The results of the present work are summarized as follows:
1. The BSFC increases with increase in percentage of biodiesel in the blends due to lower heating value of biodiesel. 2. The BTE of B25 is closer to diesel at all loads. 3. At full load, the emission of CO for B25, B50 and B75 is lower, whereas for B100 it is 20% higher than diesel. 4. It is observed that there is a significant reduction of HC for biodiesel and its blends at all engine loads. 5. The emission of NO x is higher than diesel for biodiesel and its blends, but for B25 slight increase of only 5.88% is observed at full load. 6. Reduction in smoke emission for biodiesel and its blends at high loads whereas, for B25 decrease of 14.6% is observed at full load. 7. The combustion starts earlier for biodiesel and its blends than diesel. The peak cylinder pressure and heat release rate of biodiesel and its blends are lower than diesel.
From this study, it is concluded that optimized blend is B25 with respect to performance, emission and combustion characteristics for all loads compared with diesel and it could be used as a viable alternative fuel in a single cylinder direct injection diesel engine without any modifications and thereby saving 25% of the precious neat diesel fuel.
